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Highly functionalized graphene were obtained through a
zwitterion intermediate cycloaddition onto exfoliated graphene
flakes under new reaction conditions. The functionalized gra-
phene obtained formed stable dispersions in common solvents,
including dimethylformamide (DMF), CHCl3 and water. Its
dispersion in water is especially useful in a wide range of areas,
such as composites, devices and biological applications.
In the last decade, graphene, a single-layer of graphite with a two-
dimensional honeycomb lattice, has emerged as one of the most
promising future materials due to its unique physical, mechanical
and thermal properties.1 Potential applications of graphene in Li-ion
batteries, supercapacitors, transparent electrode, sensors and com-
posites have already been demonstrated.2 However, a key challenge
in handling graphene based materials is in how to obtain a large
amount of dispersible graphene flakes in either organic solvents or
water for certain uses, such as in composites, devices and biological
applications.3 Several chemical methods have been developed,
including reduction of graphene oxide,4 bottom-up organic synthesis5
and dispersion of graphite in certain solvents.6–8 Methods employing
the reduction of graphene oxide requires harsh oxidation conditions
to prepare graphene oxide and a subsequent chemical and/or thermal
reduction step. Graphene prepared by the organic synthesis route is
impeded by limitations to size. Of these approaches, direct sonication
of graphite in solvents promises to be the simplest method to obtain
dispersible and relatively defect-free graphene flakes. However, the
graphene flakes suspended in solvents (such as in N-methyl
pyrrolidone,6 ortho-dichlorobenzene7a and ethanol)8a tend to aggre-
gate due to the strong p–p interactions between the individual flakes,
which seriously limits their application. In order to solve this
problem and further improve their dispersibility, stability and
processability, considerable efforts have been devoted to functiona-
lize graphene flakes by noncovalent9 or covalent methods.10 In
contrast to noncovalent methods, covalent methods can provide for
more stable and robust materials. Covalently attached functional
groups on graphene can improve the dispersibility of graphene, but
also increase compatibility with various interfaces and matrixes.
Furthermore, covalently functionalized graphene can be applied in
subsequent chemical processes that are usually unsuitable for non-
covalent/physisorbed functionalized graphene. More importantly,
covalently functionalized graphene can yield graphene samples that
show long-term stability when dispersed in solvents, which is
necessary for application. However, covalent functionalization may
affect the electronic properties of graphene. Thus, controlling the
degree of functionalization of graphene is essential. Although the
reactivity of graphene is less than those of fullerenes and carbon
nanotubes, the wrinkled and folded structure and defects present in
graphene can increase its reactivity towards organic reagents.11 To
date, a number of chemical reactions on graphene have been
reported, including 1,3-dipolar cycloaddition,10 diazonium chemis-
try,12 nitrene addition,13 radical addition14 and click chemistry.15
Through these reactions, a range of functional groups can be
introduced and also the degree of functionalization of graphene can
be tuned. However, chemical modification of graphene has yet to be
fully studied and more facile and mild methods are highly desirable.
Here, we take a zwitterion intermediate cycloaddition functiona-
lization approach, which was previously applied to fullerenes and
carbon nanotubes,16 to functionalize graphene obtained using the
solvent dispersion and exchange method.10a The functionalized
graphene formed stable dispersions in common solvents (most
remarkably in water) and was characterized by several spectroscopic
and microscopic techniques.
Functionalization of graphene through the zwitterion approach is
shown in Scheme 1 (see Scheme S1{ for the proposed mechanism).16
4-dimethylaminopyridine (DMAP) reacts with the triple bond of
acetylene dicarboxylates to form a zwitterionic intermediate, which
then reacts with the double bond of graphene followed by reaction
with the carbonyl group. Finally, the positively charged DMAP
moiety is substituted by an alkoxy group, yielding the functionalized
graphene product. Graphene in ODCB was prepared by the solvent
dispersion method,10a followed by a solvent exchange process
developed by our group to transfer graphene into dry toluene (see
supporting information{).8a The graphene dispersed in dry toluene
was reacted with DMAP, and acetylenedicarboxylates 1 or 2 at 85 uC
under Ar atmosphere for 3 d. The functionalized graphene was
purified by multiple filtration/redispersion cycles (see supporting
information). Notably, the functionalized graphene is no longer
dispersible in ODCB or toluene but 1 functionalized graphene shows
good dispersion in both DMF (y0.28 mg mL21) and CHCl3 (y0.19
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mg mL21), while 2 functionalized graphene shows good dispersibility
in water (y0.06 mg mL21) (Fig. S1{).17 UV/Vis absorption
spectrometry can be used to investigate the stability of graphene
samples in the solvents by measuring the changes in apparent
absorption (in fact the changes in scattering of light by graphene)
with time.6,8a In the present case, 1 functionalized graphene was
stable in DMF and CHCl3 for at least two months, while 2
functionalized graphene dispersed in water was stable for at least one
month. The stability is comparable with the 1,3-dipolar cycloaddition
functionalized graphene dispersed in ethanol (at least 30 days).10c
The Fourier transform infrared spectroscopy (FTIR) spectra of
graphene, 1 and 2 functionalized graphene, and the control samples
are shown in Fig. 1. The FTIR spectrum of graphene itself is almost
featureless, indicative of a low content of defects in the graphene. For
both 1 and 2 functionalized graphene, the absorption bands at 1715
and 1240 cm21 correspond to carbonyl and ether groups,
respectively. The spectra of the control samples (Control 1: graphene
reacted with 1 only; Control 2 : graphene reacted with 2 only;
Control 3: graphene reacted with DMAP only), did not show the
above mentioned absorptions. This strongly supports that the
modification is covalent in the two functionalized graphene samples
and not physisorption.
The presence of organic functional groups in the functionalized
graphene products is further confirmed by thermal gravimetric
analysis (TGA). Fig. 2 shows the TGA curves of graphene, 1 and 2
functionalized graphene. The weight loss of graphene is about 5%
between 200 uC and 450 uC, which is due to the defects caused by
sonication, and also residual solvents. In the same temperature
range, 1 and 2 functionalized graphene show about 54% and 36%
weight loss, respectively. This weight loss is attributed to the
decomposition of organic functional groups attached onto graphene.
The degree of functionalization was estimated to be one functional
group per 10 carbon atoms for 1 functionalized graphene, and per 50
carbon atoms for 2 functionalized graphene.
Raman spectroscopy is widely used to study the structural and
electronic properties of graphitic materials.18 The typical Raman
bands for graphitic materials are: a disorder-induced D band at
y1350 cm21, a doubly degenerate zone centre E2g mode at about
1580 cm21 (G band, indicative to sp2 carbon bonds), and a two
phonon double resonance Raman process at y2700 cm21 (2D
band).18 The intensity ratio ID/IG between the D band and G band is
often used to quantify the defects in graphitic materials. Graphene
shows a small D band and a strong G band, with a ID/IG ratio of 0.3
(Fig. 3). For 1 and 2 functionalized graphene, an increased ID/IG
ratio (0.4 and 0.54, respectively) is observed compared with
graphene. Attachment of organic functional groups changes some
carbon atoms from sp2 to sp3 and therefore results in an increased
ID/IG ratio, which indicates successful covalent functionalization.
10,19
Fig. 1 FTIR spectra of graphene, 1 and 2 functionalized graphene, and
control samples.
Fig. 2 TGA curves of graphene, 1 and 2 functionalized graphene.
Scheme 1 Preparation of functionalized graphene through the zwitterion
approach.
Fig. 3 Raman spectra of graphene, 1 and 2 functionalized graphene (lexc =
532 nm).

















































Due to the relatively small size of the graphene flakes and
aggregation when deposited onto the substrate, it is difficult to
distinguish single-layer graphene by Raman spectroscopy in the
present case. However, the positions and shapes of the spectra of
graphene and functionalized graphene indicates the graphene flakes
are a mixture of single- and few-layer graphene.6,8a,10
The morphologies of graphene before and after functionalization
were studied by transmission electron microscopy (TEM) analysis.
The presence of single-layer graphene flakes is shown in Fig. 4a,
which is confirmed by its electron diffraction pattern (Fig. S2{, the
intensity of inner spots is greater than the outer spots).6,8a,10a A large
number of few-layer graphene flakes are also present in the graphene
samples used for functionalization (Fig. 4b). 1 functionalized
graphene shows good dispersion behaviour both in DMF and
CHCl3 (Fig. 4c and Fig. 4d), while 2 functionalized graphene
disperse well in water (Fig. 4e, Fig. 4f and Fig. S3{). After
functionalization, little change in the morphology of graphene is
observed, and importantly, the size of the graphene flakes is not
decreased. This is an advantage compared with the harsh oxidation
methods used to prepare graphene oxide, in which the flake size is
normally significantly reduced.
The conductivity of films of graphene, 1 and 2 functionalized
graphene was also determined using the standard four-point probe
method. The films were prepared by vacuum filtration of the
corresponding dispersions. The graphene film shows a conductivity
of 3269¡ 132 S m21, whereas for 1 and 2 functionalized graphene
films a conductivity of 6.88 ¡ 0.36 and 665 ¡ 20 S m21 was
determined, respectively (see Table S1{ for details). The reduced
conductivity of the two functionalized graphene films compared to
graphene itself is due to the covalent modification of the graphene.
However, it should be noted that the two conductivity values are still
much higher than that of graphene oxide (1028–1025 S m21).20
In conclusion, functionalized graphene has been successfully
prepared using a zwitterion intermediate cycloaddition approach
under new reaction conditions, and was characterized by FTIR,
Raman spectroscopy and by additional control experiments. The
degree of functionalization on graphene was determined by TGA
and more interestingly it was relevant to the acetylenedicarboxylates
uses. TEM images show that the functionalized graphene has good
dispersibility in common solvents, such as DMF, CHCl3 and
especially water. The functionalized graphene films show conductiv-
ity several orders of magnitude better than graphene oxide. We
believe this novel zwitterion functionalization method will broaden
the chemistry of graphene substantially and that these functionalized
graphene materials could be useful in composites, devices and
biological applications (sensing, drug loading and delivery).3
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